Bear Lake is a long-lived lake fi lling a tectonic depression between the Bear River Range to the west and the Bear River Plateau to the east, and straddling the border between Utah and Idaho. Mineralogy, elemental geochemistry, and magnetic properties provide information about variations in provenance of allogenic lithic material in last-glacial-age, quartz-rich sediment in Bear Lake. Grain-size data from the siliciclastic fraction of late-glacial to Holocene carbonate-rich sediments provide information about variations in lake level. For the quartz-rich lower unit, which was deposited while the Bear River fl owed into and out of the lake, four source areas are recognized on the basis of modern fl uvial samples with contrasting properties that refl ect differences in bedrock geology and in magnetite content from dust. One of these areas is underlain by hematite-rich Uinta Mountain Group rocks in the headwaters of the Bear River. Although Uinta Mountain Group rocks make up a small fraction of the catchment, hematite-rich material from this area is an important component of the lower unit. This material is interpreted to be glacial fl our. Variations in the input of glacial fl our are interpreted as having caused quasi-cyclical variations in mineralogical and elemental concentrations, and in magnetic properties within the lower unit. The carbonate-rich younger unit was deposited under conditions similar to those of the modern lake, with the Bear River largely bypassing the lake. For two cores taken in more than 30 m of water, median grain sizes in this unit range from ~6 μm to more than 30 μm, with the coarsest grain sizes associated with beach or shallow-water deposits. Similar grain-size variations are observed as a function of water depth in the modern lake and provide the basis for interpreting the core grain-size data in terms of lake level.
INTRODUCTION
Bear Lake Valley, on the border between Utah and Idaho, is formed by a tectonically active half-graben (Colman, 2006; Reheis et al., this volume) between the Bear River Range to the west and the Bear Lake Plateau to the east (Fig. 1) . The southern part of the valley is occupied by Bear Lake, which is ~32 km long, 6-13 km wide, and 63 m deep. The Bear River fl ows into the valley north of the lake. During historic times the river did not enter the lake until it was diverted ca. 1912 (Dean et al., this volume) but did fl ow into the lake at various times during the late Pleistocene (Kaufman et al., this volume; Reheis et al., this volume) . . Generalized geologic map of catchment areas for Bear Lake (modifi ed from Reheis et al., this volume) . Numbered circles are stream sediment sampling sites. Two samples were collected at each location, an oddnumbered sample from the stream bottom and an even-numbered sample (not shown) from the bank or the overbank deposit.
In the absence of the Bear River, surface fl ow into Bear Lake is from a number of streams in a small drainage basin. This "local" catchment can be divided into two parts on the basis of bedrock geology (Oriel and Platt, 1980; Dover, 1995) . The Bear River Range to the west of the lake is largely underlain by lower Paleozoic formations containing large amounts of dolomite, quartzite, and limestone, with lesser amounts of Precambrian quartzite and shale, as well as clastic Tertiary rocks of the Wasatch Formation. Rocks constituting the Bear Lake Plateau on the east side of the lake consist of abundant Tertiary Wasatch Formation and Mesozoic limestone and clastic sedimentary rocks.
When the Bear River fl ows into Bear Lake the lake's catchment is much larger. Bedrock along most of the Bear River upstream from Bear Lake is similar to that in the Bear River Plateau, with widespread Tertiary and Mesozoic sedimentary rocks. Bedrock in the river's headwaters, however, comprises Precambrian quartzites and shales of the Uinta Mountain Group (Bryant, 1992) .
Bear Lake sediments contain both endogenic and allogenic components. The endogenic component, which consists of minerals formed in the water column and the remains of biota that grew in the lake, directly refl ects physical and chemical conditions of the lake. In contrast, allogenic components, which are transported to the lake by water and wind, largely refl ect catchment conditions and processes. Some allogenic components may be affected by post-depositional alteration and thereby in part refl ect lake conditions rather than catchment conditions.
Here we report data that largely refl ect the allogenic component of Bear Lake sediments as well as data from the potential source areas of this component. The data derived by individual techniques, however, do not separate cleanly into groupings that yield information about solely endogenic or solely allogenic materials. For instance, X-ray diffraction data for the lake sediments reported by Dean (this volume) , contain information about endogenic carbonate minerals (e.g., calcite and aragonite) as well as information about allogenic minerals (e.g., quartz, calcite, and dolomite). Data from lake sediments presented here (elemental geochemistry on bulk samples, magnetic properties, and grain size of the siliciclastic material) primarily provide information about material derived from the catchment and secondarily about processes within the lake. The bulk-sample elemental data refl ect the contents of both carbonate and siliciclastic minerals. Additional elemental data reported by Bischoff et al. (2005) and Dean (this volume), which were acquired from the HCl-soluble component, largely refl ect the carbonate minerals of both endogenic and detrital origins. Magnetic properties refl ect not only the detrital minerals delivered to the lake but also the effects of postdepositional processes that commonly destroy Fe-oxide minerals or form secondary magnetic phases. Similarly, grain-size distributions of siliciclastic detrital material are affected not only by the sizes of material delivered to the lake but also by sorting during settling and resuspension within the lake.
The large volume of data reported herein contributes to a number of important interpretations presented in other chapters of this volume. For example, (1) variations in mineralogy and magnetic properties are used to correlate stratigraphic horizons among cores (Colman et al., this volume) ; (2) mineralogical data indicative of provenance help establish the presence or absence of Bear River input to the lake (Kaufman et al., this volume) ; (3) grain-size data contribute to the interpretation of lake-level history (Smoot and Rosenbaum, this volume) ; and (4) magnetic property, mineralogical, geochemical, and grain-size data provide the basis for a glacial history based on glacial fl our in the lake sediments (Rosenbaum and Heil, this volume) .
METHODS

Sampling
Fluvial Sediment
Streams draining the Bear River Range and the Bear River Plateau, as well as the Bear River are potential sources of fl uvial input to Bear Lake (Fig. 1) . Because environmental change can alter the amounts of material derived from areas of different bedrock lithologies, such change may be refl ected in the mineralogical, chemical, and physical properties of lithic materials in the lake sediments. Characterization of materials from different parts of the drainage basins can help constrain interpretations of environmental change based on data obtained from lake-sediment cores.
Samples of fl uvial material were collected from (1) streams draining the east and west sides of the local Bear Lake catchment and (2) the Bear River upstream from Bear Lake (Fig. 1) . Two samples were taken at each site, an odd-numbered sample from the stream bottom and an even-numbered sample from the stream bank or overbank deposit. The samples, which include all grain sizes up to a few centimeters in diameter, integrate lithologies upstream from the sampling sites. The samples were sieved into four grain-size ranges: pebbles (2 mm to several cm), coarse sand and granules (0.42 mm to ~2 mm), fi ne and medium sand (0.053 mm to 0.42 mm), and silt and clay (less than 0.053 mm). The pebble fractions were coarsely crushed so that small splits of these fractions represent a mixture of the lithologies present in the samples. Splits were taken from the size fractions for a variety of measurements, which are described below.
Dust
Dust traps were constructed at three sites within 10 m of the shoreline of Bear Lake (Fig. 2) to sample the annual vertical dust deposition to the lake area. Sites were located on the fan of South Eden Creek (BL-1), just south of Garden City (BL-2), and near the Lifton pump station (BL-3). The dust traps were established in 1998 and sampled annually in 1999 and 2000. The dust-trap design is that described by Reheis and Kihl (1995) and yields samples that include both wet and dry dust deposition. Laboratory analyses followed procedure described in Reheis (2003) .
Lake Sediment
Lake sediments were cored (Fig. 2 ) using a variety of devices (Rosenbaum and Kaufman, this volume) . Short cores, as much as a (Denny and Colman, 2003) and locations of cores, dust traps, and surface sediment samples. few tens of centimeters in length, preserved the uppermost unconsolidated sediments. The sampling interval was typically 1 cm, but surface samples, which were taken with the same coring device, are 1.5 cm thick. Longer cores, which penetrated up to 5 m of sediment, were collected in plastic liners. These cores were split lengthwise, with one-half of each core being preserved and logged (Smoot, this volume) and the other half being cut into samples at 1 cm intervals. Samples were then subdivided for a variety of analyses.
Analyses
Major minerals and elemental concentrations were determined for lake-sediment samples and for the silt-and-clay and coarse-sand fractions of fl uvial sediment. Standard X-ray diffraction techniques were used for mineral identifi cation (e.g., Moore and Reynolds, 1989) . Powdered samples were packed into aluminum holders and scanned from 15° to 50° using Ni-fi ltered, Cu-Kα radiation. Semiquantitative mineral contents were determined by normalizing the major peak intensity of a mineral by the sum of major peak intensities for all minerals. This method does not account for differences in the X-ray absorption characteristics of individual minerals; nevertheless, these values provide excellent relative values for sample-to-sample comparison as long as the minerals in the samples are similar. The lake-sediment X-ray data are reported by Dean (this volume). Elemental concentrations were determined by XRAL Laboratories (Toronto, Canada) using Inductively Coupled Plasma-Atomic Emission Spectrometry following digestion of powdered samples in a combination of hydrochloric, nitric, hydrofl uoric, and perchloric acids.
For magnetic property analyses, samples of lake sediments and of all four size fractions of fl uvial material were packed in nonmagnetic 3.2 cm 3 plastic boxes. The analyses include measurements of magnetic susceptibility (MS), anhysteretic remanent magnetization (ARM), and isothermal remanent magnetization (IRM). ARM and IRM were measured with a high-speed spinner magnetometer. ARM was imparted using an alternating fi eld with a peak intensity of 0.1 Tesla (T) and a bias fi eld of 0.1 milliTesla (mT). After measurement of ARM, IRM was fi rst imparted in a 1.2 T fi eld (IRM 1.2T ) and then in the opposite direction in a fi eld of 0.3 T (IRM -0.3T ). Hard isothermal remanent magnetization (HIRM) and the S-parameter (King and Channel, 1991) are given by:
Samples then were dried and weighed. MS values, which were acquired after drying to eliminate the diamagnetic effects of pore water, were measured in a 600 Hz alternating fi eld with amplitude of ~0.1 mT. The MS readings were corrected for the diamagnetic effect of sample boxes. Dry bulk densities were calculated by dividing the dry mass of each sample by the standard volume of the sample boxes (3.2 cm 3 ). For selected samples, magnetic minerals were concentrated using a separator described by Reynolds et al. (2001) . For cores BL96-1, -2, and -3, samples were chosen to represent magneticproperty variations. In order to obtain enough material for analysis, most separates incorporated material from two or more closely spaced samples with similar magnetic properties. The separates were mounted in epoxy, polished, and then observed with refl ectedlight microscopy (Reynolds and Rosenbaum, 2005) . In this manner, magnetic minerals were identifi ed from 22 horizons. In addition, fi ve separates were prepared from the silt and clay fraction of fl uvial sediments. Most of these separates included material from multiple spatially related sites with similar magnetic properties.
Sample splits for grain-size analyses were treated sequentially with HCl, H 2 O 2 , and Na 2 CO 3 , to remove carbonate, organic matter, and opaline silica, respectively. A laser particle size analyzer, capable of measuring particles ranging from 0.49 to 2000 μm, was used to determine grain-size distributions on the residual siliciclastic material.
RESULTS
Fluvial Sediments
The mineralogical, elemental, and magnetic properties of fl uvial sediment vary with grain size and location (Table 1, . The samples were divided geographically into four groups. Samples from streams in the local Bear Lake catchment were divided into those from the west side and those from the east side of the lake (Fig. 1) . The Bear River samples were assigned to lower (samples 19 through 46) and upper (47 through 54) river groups based on properties described below.
Mineralogy and Elemental Chemistry
In comparison to Bear River sediments, samples from the local catchment are characterized by lower average quartz content and higher contents of carbonate minerals (Table 1, Fig. 3 ). Calcite is most abundant in samples from the east side of the lake, whereas high concentrations of dolomite are restricted to samples from the west side. These differences, which refl ect bedrock geology (Fig. 1) , are mirrored in the concentrations of Ca and Mg (Fig. 4) . Concentrations of Ca are relatively high within the local catchment, and high values of Mg are restricted to the westside samples. The between-sample variability of mineral and elemental contents is greater for the local catchment than for the Bear River. The higher variability of the local catchment samples probably refl ects contrasting bedrock among the separate areas drained by the small streams. The lower variability of the Bear River samples is attributed to dilution of local bedrock material by a relatively homogeneous mixture of lithologies derived from large areas upstream of each sampling site.
The coarse fraction of Bear River sediments displays little variation in major minerals, although samples 19-29 contain more calcite and slightly less quartz than samples from farther upstream (Fig. 3) . This downstream increase in calcite, which is clearly refl ected in the Ca concentrations, probably refl ects greater input from the limestone-bearing Mesozoic bedrock (Fig. 1) . The fi ne fraction of Bear River sediments contains less quartz and more calcite than the coarse fraction, suggesting that the coarse fraction is derived largely from sandstones and quartzites and the fi ne fraction is derived largely from more friable lithologies. This difference in lithologies is refl ected in the contents of Al and Ti.
Moving upstream along the Bear River, both Al and Ti increase in the fi ne fraction and decrease in the coarse fraction (Fig. 4) . In both fractions, Ti:Al decreases upriver, reaching minimum values in the headwaters in the Uinta Mountains.
Very high values of Mg:Ca in the uppermost reaches of the Bear River refl ect the absence of carbonate bedrock, whereas elevated values of this ratio from the west side of the local catchment refl ect abundant dolomite. The abundance of dolomite is more clearly refl ected in the ratio of Mg to the chemically immobile element, Al (Fig. 4) , which is delivered to the lake in aluminosilicate minerals.
Magnetic Properties
Magnetic properties provide strong contrasts among the four fl uvial sediment groups ( the silt-and-clay fraction from the upper Bear River are more than twice the values from the other areas.
Petrographic observations show that magnetite, which occurs commonly as mineral grains and less commonly within rock fragments, is the most abundant mineral in each of the magnetic separates (Reynolds and Rosenbaum, 2005) . The magnetite occurs in a variety of forms, including homogeneous grains and titanomagnetite grains in which the magnetite is subdivided by ilmenite lamellae. Many of these grains formed under hightemperature conditions in igneous or metamorphic rocks. Ferrimagnetic titanohematite and hematite also occur in all samples. Like magnetite, hematite occurs in a variety of forms including specular hematite and fi ne-grained forms. Some of the specular hematite occurs within titaniferous oxides that formed under hightemperature oxidizing conditions (e.g., pseudobrookite), whereas much of the fi ne-grained hematite occurs in rock fragments (e.g., red sedimentary rocks) and formed under low-temperature conditions. Red sedimentary rock fragments are particularly abundant in samples from the upper reaches of the Bear River (sites 48 and 51 in Fig. 1 ). In addition, most of the separates contain small quantities of anthropogenic material including fl y ash and steel.
The magnetic grains are characterized by small sizes. Although the silt-and-clay size fraction used for the magnetic separates contains grains as large as 53 μm, few magnetic grains are >20 μm, and most are <10 μm.
Dust
The amounts, composition, and grain size of material collected in dust traps near Bear Lake vary between the two years of collection. The fl ux of total mineral matter ranges from ~5.5 to >17 g m -2 yr -1 (Table 2 ). Much of this variation is produced by variations in sand content. The fl ux of the <50 µm fraction averages ~5 g m -2 yr -1 and is less variable. The CaCO 3 component of the dust fl ux is relatively low (<1 g m -2 yr -1
) and XRD analysis of dust samples indicates that more than 85% of the detritus consists of non-carbonate minerals, mainly quartz (~70%) and plagioclase with minor amounts of clays (G. Skipp, 2004, personal commun.) . Concentrations of both salts and carbonate minerals are higher in the 1999-2000 samples than in the 1998-1999 samples (Table 2 ). These differences are due in large part to the much higher concentrations of sand (which is presumably quartz rich) in the earlier samples. In fact the fl uxes of salt are very similar during the two sampling intervals and the fl uxes of carbonate minerals are actually slightly lower during the second year.
Lake Sediments
Mineralogy
Sediments deposited over the last 26 k.y. consist of a quartzrich lower unit and a carbonate-rich upper unit Dean, this volume; Smoot, this volume) . Sediments in cores BL96-1 and BL2002-3 are entirely within the upper unit, whereas the transition between the two units occurs at ~3, 0.4, and 3.3 m in cores BL96-2, BL96-3, and BL2002-4, respectively (Figs. 6-10). The carbonate-rich upper unit can be divided into four intervals on the basis of carbonate mineralogy (Dean et al., this volume) . In ascending order these are a lower calcite interval, a lower aragonite interval, an upper calcite interval, and an upper aragonite interval.
Quartz content is ~70% in the lower unit and quite uniform. Quartz content in the upper, carbonate-rich unit is generally 20% to 30% with small but well-defi ned variations. Calcite content in the lower unit is typically between 10% and 20%. Within this unit, the majority of calcite is probably detrital but some may be endogenic. Calcite contents in the aragonite-rich intervals of the upper unit are similar to those in the quartz-rich unit. Within these intervals, much of the calcite may be detrital. The content of dolomite, which is also detrital, is generally between 8% and 9% in the lower unit and between 5% and 8% in the upper unit. Because the sensitivity of the XRD method is limited to a few percent, the dolomite curves are quite noisy; nevertheless, it is apparent that most changes in quartz and dolomite are synchronous. Although the contents of quartz and dolomite generally change at the same time, the dolomite-quartz ratio (Dolo:Qtz) is not constant. Dolo:Qtz increases slightly across the transition from the lower to the upper unit. Within the upper unit, Dolo:Qtz undergoes larger variations that roughly coincide with changes in carbonate mineralogy. Values of Dolo:Qtz are mostly low in the calcite-rich intervals and high in the lower aragonite-rich interval. Values rise in the upper aragonite-rich interval and then fall toward the upper part of the section.
Mass accumulation rates vary widely among the core sites (Table 3 ). In the quartz-rich lower unit comparison of accumulation rates among sites may not be meaningful because the cores span very different time intervals. For the carbonate-rich upper unit, average mass accumulation rates of both the carbonate and non-carbonate fractions generally increase with water depth. The ratio of carbonate to non-carbonate material also increases with water depth. 
Elemental Chemistry
Variations in contents of Al, Ti, Mg, and Ca within core BL96-3 (Fig. 11 ) refl ect changes in mineralogy like those described above, but because of the high precision of the chemical data some variations are evident in these elements that are not clearly observed in the mineralogy. The chemically immobile elements Al and Ti provide convenient proxies for the noncarbonate detrital material and, like quartz (Fig. 8) , they decline upward from the lower unit into the upper unit (Fig. 11) . Similarly, across the unit boundary Mg and Ca mimic the upward decrease in dolomite and increase in calcite (Fig. 8) , respectively.
In addition to the major changes across the unit boundaries described above, small variations in the contents of Al, Ti, and Mg are evident within the lower unit. These changes are most evident in plots of Mg and of elemental ratios (Fig. 11) . Mg from the HCl-soluble carbonate minerals (Bischoff et al., 2005) closely matches the magnitude and variations expected from variations in dolomite. Values of Mg:Ca and Mg:Al have very similar variations throughout the lower unit and diverge abruptly at the unit boundary as Ca content begins to increase due to the precipitation of endogenic calcite. Inspection of Figure 11 reveals that relative maxima and minima in Ti:Al, Mg:Ca, and Mg:Al coincide.
The content of sulfur is uniformly low throughout most of the lower unit, but begins to increase ~30 cm below the transition to the upper unit and peaks at the unit boundary (Fig. 11) . Sulfur generally decreases upward through the truncated upper unit sampled at this locality, but remains much higher than throughout most of the lower unit.
Magnetic Properties
Within the quartz-rich lower unit, between the bottom of core BL96-3 and a depth of 1.05 m, magnetic properties vary in a quasi-cyclical manner (Fig. 12) . Properties indicative of magnetite content both in an absolute sense (MS, ARM, and IRM) and relative to hematite (S) are strongly correlated. In this interval, there is a negative relation between these properties and HIRM, which indicates hematite content. This part of the lower unit yields nearly identical results in a 120-m-thick cored section (BL00-1, Fig. 2 ) studied by Heil et al. (this volume) . MS features labeled 9-14 and HIRM features labeled 1-10 ( Fig. 12) can be unequivocally identifi ed in both records and were used in correlating the two sections and transferring 14 C ages to the long core Colman et al., this volume) .
The relation between the contents of magnetite and hematite changes in the upper part of the lower unit. On the basis of the locations of the transition from the lower to the upper unit, the shape of the HIRM curve, and comparable values of HIRM, the maximum value of HIRM in BL96-3 (9.5 × 10 −4 Am 2 kg -1 ) at 1.05 m (Fig. 12) correlates with the HIRM peak in BL96-2 (8.6 × 10 −4 Am 2 kg -1 ) at 3.88 m (Fig. 13) , and a secondary peak in BL96-3 (6.4 × 10 −4 Am 2 kg -1 ) at 0.76 m correlates with a peak in BL96-2 (5.9 × 10 −4 Am 2 kg -1 ) at 3.62 m. Between these peaks, changes in HIRM are not matched by changes in MS comparable to those that accompany variations in HIRM below 1.05 m in BL96-3. In both BL96-2 and -3, HIRM decreases upward from the secondary peak to the top of the lower unit. However, the magnitude of this decrease differs in the two cores, with HIRM decreasing by factors of 5.1 and 1.7 in BL96-3 and -2, respectively. MS curves in this interval differ markedly. MS values in BL96-3 decrease gradually to the upper boundary of the lower unit, whereas values in BL96-2 increase gradually immediately above the secondary HIRM peak and then more abruptly from 3.32 m to the boundary. This change in rate of increase in MS is also present in the record from BL2002-4 (Fig. 14) .
Both MS and HIRM generally decrease upward across the transition between the lower and upper units and continue to decrease in the lower part of the upper unit. Two MS peaks (one labeled 6 in Figs. 13, 14, and 15, and the other labeled 7 in Figs. 13 and 14) interrupt the general decrease in MS. These peaks occur near the lower and upper boundaries of the lower calcite interval. Both MS and HIRM attain very low values in the lower aragonite interval. HIRM then remains low before increasing near the top of the section. The MS records contain several low-amplitude peaks overlying the lower aragonite interval (Figs. 14-16 ), but only the lowermost of these (labeled 5), which coincides with the upper calcite interval, and an (unnumbered) increase near the top of the section are recognized in more than one core. Individual peaks in MS (1-4), ARM, and IRM in core BL96-1 (Fig. 16 ) may correlate with zones of slightly elevated values in cores BL2002-3 (Fig. 15 ) and BL2002-4 (Fig. 14) , but similar features do not occur in core BL96-2 (Fig. 13) . Magnetic susceptibility peaks 5 and 6 coincide with intervals interpreted as periods of high lake level (Smoot and Rosenbaum, this volume) , whereas peak 7 immediately overlies a similar high lake-level interval.
In the lower unit, which is characterized by magnetic properties indicative of relatively abundant magnetite and hematite, petrographic observations of magnetic separates show that detrital magnetic minerals commonly occur as fi ne-silt-sized (<10 μm), angular particles, or within rock fragments of similar size and shape (Reynolds and Rosenbaum, 2005) . Magnetite is the most abundant mineral in eight of 12 magnetic separates (Figs. 12 and 13 ). Detrital hematite is the second most common mineral in most of the magnetite-rich separates, is subequal to magnetite in one separate, and is the most abundant mineral in three separates. Samples included in these four hematite-rich separates are all from peaks in HIRM. The magnetite occurs in many forms, including titaniferous magnetite, low-titanium magnetite, and as crystals within rock fragments. Hematite occurs mainly in reddened rock fragments and as particles Note: For BL2002-4, mass accumulation rates (MAR) were calculated for intervals between prominent unconformities marked by shell layers and as a weighted average for the three intervals. Mineral content was determined by X-ray diffraction. Carbonate-mineral content is the sum of calcite, aragonite, and dolomite contents. Ages based on age-depth models described in Colman et al. (this volume) .
of specular hematite. The reddened rock fragments comprise many different lithic types, but siltstone is the most abundant type in the hematite-rich samples. Iron sulfi de minerals are rare. Minor framboidal pyrite is present in two separates and small amounts of griegite are present in four separates at depths greater than 1 m in core BL96-3. The two uppermost separates from the lower unit in BL96-3, which sampled peaks in IRM/ MS (Fig. 12) , contain more plentiful greigite. There is no petrographic evidence for the dissolution of detrital magnetic grains from the lower unit. Magnetite is also the most common mineral in the one separate from the transition zone between the lower and upper units in BL96-2 (Fig. 13) . The magnetite, which occurs largely as optically homogeneous grains and in rock fragments, shows possible minor dissolution. This is the only magnetic separate studied that contains common pyrite framboids.
Magnetite is the most abundant mineral in fi ve of eight separates from the upper unit (Reynolds and Rosenbaum, 2005) . Magnetic properties indicate that this unit has generally low concentrations of both magnetite and hematite (Figs. 13 and  14) . The magnetite occurs mostly as small grains and in rock fragments, and, in several separates, shows some evidence of dissolution. Several of the separates are notable. The separate from ~2.80 m in BL96-2, just above the transition zone, contains relatively abundant material and is the only separate that contains large (∼70 µm) grains of magnetite and large (~100 µm) rock fragments with magnetite inclusions. The separate that spans the MS peak at ~2.37 m contains a few magnetitebearing volcanic glass shards in addition to magnetite as small grains and in rock fragments. The separate at a depth of 4.90 m in BL96-1, within a zone of very low MS (Fig. 16) , is unique in that the most abundant mineral is titanohematite (referring to a range of compositions in the hematite-ilmenite solid solution series that are highly magnetic), although titanohematite is present in signifi cant amounts in several other separates. Finally, no individual magnetite grains are present in the uppermost two separates from core BL96-1, which are located in a zone of very low MS. The only Fe-oxides in these separates occur within small rock fragments.
Grain Size
Surface samples from four depth transects (Fig. 2) were subjected to grain-size analyses. Each transect shows a decrease in grain size of the siliciclastic fraction with depth, but the relation between size and depth varies from profi le to profi le (Fig. 17) . The northernmost transect, which has the most constant and lowest bottom slope (Fig. 2) , is located close to core sites BL2002-3 and -4 and incorporates the uppermost samples from these cores. This transect contains median grain sizes ranging from ~6 to 250 μm and yields a simple size-depth relation that is closer to that predicted by a wave model than those for the other transects (Smoot and Rosenbaum, this volume) . In the cored sediment, siliciclastic material from the lower unit is fi ner grained than that in the upper unit (Fig. 18) . Median grain sizes in the lower unit range from <1 μm to 12 μm and average ~3 μm. Sand content averages less than 1%. Below ~0.55 m in core BL96-3, there appear to be well-defi ned fl uctuations in grain size, even though the grain-size range is extremely narrow, with few samples having median grain sizes greater than 4 μm. The coarsest sediment in the lower unit occurs just below the transition to the upper unit. In the upper unit, median grain sizes range from ~3 to 39 μm and average ~15 μm. The average sand content of detrital material in the upper unit is ~9%. Well-defi ned variations in grain size of siliciclastic material correspond, at least in part, to changes in carbonate mineralogy. The lower calcite interval in BL2002-4 is relatively fi ne grained, with median grain size averaging 6 μm below 3.30 m and coarsening upward into the lower aragonite interval. Grain size is relatively coarse in the lower aragonite interval, decreases abruptly into the upper calcite interval, and then coarsens again into the upper aragonite interval. Most of the upper aragonite interval is relatively coarse grained, but grain size decreases in the upper 10-15 cm, becoming comparable to that in the lower part of the lower calcite interval. Two zones of coarse sediment in core BL2002-4 enclose shell layers at 0.84 and 1.80 m (Smoot, this volume) , which are interpreted as beach or shallow-water deposits (Smoot and Rosenbaum, this volume) . Stratigraphic position with respect to mineralogic zones and radiocarbon ages indicate that the lower of these coarse zones in BL2002-4 correlates with a zone from 2.10 to 2.35 m in BL2002-3 that contains two peaks in median grain size.
DISCUSSION
Fluvial Sediment Sources
Data from fl uvial sediments indicate signifi cant differences among four potential source areas of detrital sediment in Bear Lake (Table 1) : (1) the west side of the local catchment (sites 1-12, Fig. 2 ), (2) the east side of the local catchment (sites 13-18), (3) the lower Bear River (sites 19-46), and (4) the upper Bear River (sites 47-54). These differences provide the means for interpreting changes in provenance within the cored lake sediment. Some of the differences refl ect bedrock geology. Stream sediments from the east and west sides of the local Bear Lake catchment contain less quartz than sediment from the Bear River, refl ecting abundant carbonate rocks in the Bear River Range and Bear Lake Plateau. These local catchment areas are differentiated by the abundance of carbonate minerals, with the west side sediments containing more dolomite and having high concentrations of Mg, and the east side sediments containing more calcite. The Bear River drains areas of widespread clastic sedimentary and metasedimentary rocks. As a result, its sediments contain more quartz and Al, and less Ca than sediments from the local catchment. Hematite content, as indicated by HIRM, is about twice as great in samples from the upper Bear River as in those from either the lower Bear River or the local catchment (Table 1, Fig. 5 ). The high hematite content in the upper Bear River is probably due to detritus derived from hematite-rich rocks of the Uinta Mountain Group (Ashby et al., 2005) . High hematite content in the silt-andclay fraction corresponds more closely to the extent of till of the last glaciation (Laabs et al., 2007) than to outcrops of the Uinta Mountain Group. Only sites 51-54 are located on Uinta Mountain Group bedrock (Fig. 1) , and the maximum extent of lastglacial-aged till, which contains abundant detritus from Uinta Mountain Group rocks, lies between sites 45 and 47. In general, the content of Uinta Mountain Group detritus is diluted within a short distance downstream from the last-glacial limit, although, enhanced hematite content occurs sporadically in coarser fractions somewhat farther downstream, perhaps in outwash from which the fi ne-grained material has been winnowed.
In contrast to most of the mineralogical and geochemical data, the content of ferrimagnetic minerals, as measured by MS, is not related to bedrock geology. Values of MS for samples from within the local catchment are several times greater than MS values from Bear River sediment, and values from areas of Paleozoic rocks on the west side of the lake are similar to values from areas of Mesozoic rocks on the east side of the lake. Petrographic observations indicate that the stream sediments contain a wide variety of magnetic Fe-Ti-oxide mineral grains, many of which were formed at high temperature in igneous or metamorphic rocks that are lacking in the local Bear Lake drainage basin as well as that of the Bear River. Because the catchment rocks lack sources for many of the Fe-Ti-oxide grains, these grains are interpreted to have been introduced as atmospheric dust (Reynolds and Rosenbaum, 2005) . The size of the magnetic grains, mostly <10 µm, is consistent with dust particles that can be transported hundreds of kilometers (Rose et al., 1998; Goudie and Middleton, 2006) . These results suggest that the concentration of dust in streams in the local catchment is several times greater than in the sediments of the Bear River. The difference in dust concentration between sediments of the local catchment streams and those of the Bear River could refl ect either a difference in the rate of dust deposition or a difference in the amount of dilution of dust by rock material derived from the catchment. Nevertheless, the large contrast in MS provides a potential tool to discriminate between detritus in the lake sediments that was derived from local streams and that derived from the Bear River.
Provenance of Detrital Material
Detrital materials incorporated in the lake sediments include (1) rock material derived through erosion of rocks within the drainage basin and delivered via fl uvial transport; (2) dust deposited indirectly via fl uvial transport following deposition in the drainage basin; and (3) dust deposited directly in the lake. The limited data (two years) from three dust-trap locations on the north, east, and west sides of Bear Lake indicate relatively low rates of dust deposition (Table 2 ) compared to dust-fall rates in southwestern deserts (Reheis, 2006) . It is not known how well the dust data represent either long-term modern dust deposition or rates of deposition prior to European settlement. Modern dust fl ux may have been enhanced by anthropogenic sources due to construction and agriculture in the region and even to recreational activities on local beaches. The dust fl uxes are also low relative to mass accumulation rates of both carbonate and non-carbonate minerals in the lake sediments (Table 3 ). In the quartz-rich lower unit, accumulation rates of carbonate and non-carbonate minerals are respectively one and two orders of magnitude higher than in the dust samples. Because of reworking of sediment, especially during periods of low lake level (Smoot and Rosenbaum, this volume) , little of the carbonate-rich upper unit exists in water shallower than ~30 m (Colman, 2006; Dean, this volume; Smoot, this volume) . Approximately half the area of the full lake is above a depth of 30 m, so sediment focusing may have more or less doubled average mass accumulation rates below this depth. Even assuming a doubling of the observed rate of dust deposition in this unit, accumulation of endogenic carbonate is so rapid that dust contributes little to overall carbonate content of the sediment. Relative to carbonate minerals, fl uxes of non-carbonate minerals are lower in the sediment and much higher in dust, so that direct dust deposition in the lake could account for roughly 10%-20% of the non-carbonate minerals in the upper unit.
Variations in mineralogy, elemental concentrations, and magnetic properties with depth in sediment cores may provide information about the source areas of detrital material. In the absence of large amounts of endogenic material, interpretation of mineral and elemental concentrations is straightforward. When detrital material is diluted by abundant endogenic material, such as in the upper unit, interpretations are more complex and more ambiguous. Similarly, magnetic properties provide a powerful tool to discriminate among source areas if post-depositional alteration has not destroyed detrital Fe-oxides or formed secondary magnetic phases.
Similarity between the contents of quartz (70%) and calcite (10%-20%) in the lower unit and the contents of these minerals in the fi ne-grained fraction of Bear River sediment (Fig. 3) suggests that the lower unit contains little, if any, endogenic calcite. In addition, several observations indicate that magnetic properties in most of the lower unit have been largely unaffected by postdepositional alteration. ) in the lower unit are large in comparison to the upper unit and comparable to values in the fl uvial sediments (Fig. 5) . Second, postdepositional destruction of Fe-oxides in a reducing environment should affect both magnetite and hematite and, therefore, cannot explain the negative correlation between indicators of magnetite content (i.e., MS, ARM, and IRM) and HIRM. And third, petrographic observations show no evidence of Fe-oxide dissolution and indicate that sulfi des are present only in trace amounts except in the uppermost part of the unit in core BL96-3, where magnetic separates contain signifi cant amounts of greigite. Magnetic separates that contain signifi cant amounts of greigite (at 41 and 65 cm in BL96-3, Fig. 12 ) fall within a zone of elevated sulfur (Fig. 11) and were selected to sample sediment that yielded high values of IRM/MS (Fig. 12) , which has been shown to be a good indicator for the presence of this mineral (Reynolds et al., 1994 (Reynolds et al., , 1998 . Within the sulfur-rich zone in BL96-3, both magnetite and hematite contents decrease upward to the top of the lower unit. In the correlative portion of BL96-2, hematite content decreases, but by a much smaller amount than in BL96-3, and magnetite content increases. Only a few samples near the base of core BL96-2 yield high values of IRM/MS (Fig. 13) , suggesting that they contain some greigite. These observations indicate that magnetic minerals in the uppermost 25 cm of the lower unit in BL96-3 have undergone signifi cant post-depositional alteration, and that magnetic minerals in the correlative part of BL96-2 have undergone no alteration or have been altered to a lesser extent.
Interpretation of changes in provenance is relatively straightforward below ~1.4 m in BL96-3 because there is little endogenic material, magnetic properties refl ect unaltered detrital minerals, and there are obvious relations among various proxies. The observed variations in HIRM, MS, and dolomite content respectively refl ect changes in the proportions of detrital material derived from three sources: Uinta Mountain Group rocks in the headwaters of the Bear River, dust, and bedrock in the Bear River Range. However, determining which source drives the changes is more problematic. One alternative is that variable rates of direct dust input dilute fl uvial materials to different extents. Several observations make this alternative unlikely. Given the mass accumulation rates of modern dust and of lower unit sediments (Tables 2 and 3) , it seems unlikely that direct dust input to the lake could have been high enough to strongly affect the concentrations of fl uvial detritus. Furthermore, dilution of fl uvial material by direct deposition of dust cannot explain the positive correlation between MS and dolomite content. Finally, zones with the highest acid-leachable Mg concentrations, 1.45-1.65 m and 2.60-2.80 m (Fig. 19) , have concentrations of ~1%. This value is equivalent to ~13% dolomite, indicating that the sediments in these zones comprise largely material from the local catchment (Table 1) . MS values in these zones (average ~5 × 10 −7 m 3 kg -1
) are also similar to values of the local catchment samples. It would be highly coincidental for direct dust deposition to the lake and independent fl uvial deposition of dolomite to yield values so similar to those observed in modern stream sediments. Therefore, high MS values are interpreted to indicate high concentrations of dust reworked from the land surface. Variations in MS and dolomite are linked because dust and bedrock were delivered to the lake via streams. The negative relations between HIRM and dolomite content (as measured by HCl-extractable Mg) and between HIRM and MS in this part of the section (Fig. 19 ) are interpreted to arise from millennialscale variations in the contents of Uinta Mountain Group-rich material delivered by the Bear River and of material from bedrock and surface of the local catchment, with an increase in one causing dilution of the other. Grain size of siliciclastic material also varies in this part of the section, with fi ner grain size corresponding to higher content of Uinta Mountain Group material. The variations in content of Uinta Mountain Group material have been interpreted to refl ect changes in concentrations of fi ne-grained glacial fl our from the headwaters of the Bear River Rosenbaum and Heil, this volume) .
Variations in content of glacial fl our could have arisen in a variety of ways, including changes in the stream fl ow within the local catchment, changes in the course of the Bear River that affected the location of its delta or at times allowed the river to bypass the lake, and changes in the fl ux of glacial fl our driven by changes in the extent of glaciation. It is more likely that changes in lake sediment composition were driven by changes in the amount of material delivered by the relatively large sediment-laden Bear River than by changes in the amount of material delivered by the small streams in the local catchment. The nearly identical variations in magnetic properties in cores BL96-3 and BL00-1 (Rosenbaum and Heil, this volume) , which are separated by 4.5 km (Fig. 2) , suggest that changes in the location of the river and its delta were insignifi cant, because such changes would be expected to change the distribution of Bear River sediment within the lake. Because Bear Lake appears to produce endogenic carbonate minerals in the absence of the Bear River Kaufman et al., this volume) , the low, relatively constant content of calcite within the quartz-rich lower unit indicates that Bear River input was probably always present. We therefore favor an interpretation like that of Reynolds et al. (2004) and Rosenbaum and Reynolds (2004) for Upper Klamath Lake (Oregon), in which changes in the content of glacial fl our were driven by changes in the extent of glaciers within the catchment.
The relations among proxies for Uinta Mountain Group material and for local catchment material change in the upper part of the lower unit. For descriptive purposes, the upper part of the lower unit has been divided into three zones (Fig. 19) . In zone I the correlation between MS and dolomite content (HClextractable Mg) in the underlying sediment ceases, with dolomite content becoming high relative to MS. The lack of a close relation between MS and dolomite continues in zone II, and the strong negative relation between MS and HIRM ceases. An abrupt decrease in HIRM at the base of zone II is accompanied by a smaller than "expected" increase in MS, and the HIRM and MS curves diverge across the zone. Within this zone, HIRM generally decreases, whereas dolomite content generally increases. With the exception of one sample, median grain size remains small (mostly ≤5 μm) from the base of the lower unit to the top of zone II. The zone II-III boundary was picked at a point of upward increases in dolomite and grain size in core BL96-3 and at similar increases in MS and dolomite in core BL96-2. (The absence of a similar increase in MS in BL96-3 is attributed to alteration, discussed above.)
In terms of provenance, these observations indicate the following sequence. First (zone I), content of dolomitic bedrock from Figure 19 . Comparison of magnetic susceptibility (MS), hard isothermal remanent magnetization (HIRM), and content of HCl-extractable Mg (Bischoff et al., 2005) in cores BL96-2 and -3, and median grain size and sulfur content in core BL96-3. Note inverted axis for HIRM. Below 1.2 m, MS is inversely related to HIRM (MS = 7.905*10 the Bear River Range increased while content of Uinta Mountain Group material remained high. The increase in dolomitic bedrock content was not accompanied by an increase in magnetite-bearing dust from the surface of the local catchment. Second (zone II), decreased content of hematite-rich Uinta Mountain Group material was accompanied by increased content of dolomitic material from the Bear River Range but with little corresponding change in surface material from the local catchment. Third (zone III), both magnetite-rich surface material and dolomitic bedrock from the local catchment increased, whereas the content of hematitic Uinta Mountain Group material declined. Rosenbaum and Heil (this volume) suggest that these variations in the upper portions of the lower unit may record (1) initial input of dolomitic glacial fl our produced by growth of glaciers of Pinedale-equivalent age in the Bear River Range (Reheis et al., this volume) without a change in input of magnetite-rich surfi cial material; (2) growth of glaciers in the headwaters of the Bear River to extend downvalley beyond the extent of hematite-rich Uinta Mountain Group rocks onto less hematite-rich bedrock and concomitant growth of glaciers in the Bear River Range; and (3) decrease in glacial fl our content due to glacial retreat or progressive abandonment of Bear Lake by the Bear River, or both.
As the Bear River largely abandoned Bear Lake, endogenic carbonate minerals increased and remained the dominant phases throughout the Holocene. However, the river's infl uence can be discerned within some intervals of the carbonate-rich upper unit. Dean et al. (2006) interpreted input of Bear River water during deposition of the upper and lower calcite intervals on the basis of geochemistry of the carbonate minerals. In addition, variations in detrital minerals suggest that Bear River sediment entered the lake during deposition of the calcite intervals. Specifi cally, Dolo:Qtz is generally lower within the calcite intervals than in the aragonite intervals (Figs. 7, 9 , and 10) indicating that the local catchment detritus was diluted by quartz-rich, dolomite-poor Bear River sediment.
Above zone III, in the transition zone and the upper unit, magnetic properties as well as mineral and elemental concentrations are not useful indicators of changes in provenance. Low concentrations of Fe-oxide minerals refl ect a combination of dilution by endogenic carbonate minerals and post-depositional destruction of detrital Fe-oxide minerals. Magnetic concentration parameters (e.g., MS, ARM, and HIRM) generally decrease upward across the lower calcite interval (Figs. 13 and 14) with little change in detrital material indicated by uniform quartz content (Figs. 7  and 10 ). This relation indicates a progressive upward increase in alteration of detrital Fe-oxide minerals and suggests an increase in salinity. This interpretation, that greater alteration of Fe-oxide minerals is associated with higher salinity, is consistent with the coincidence or near coincidence of peaks in magnetic concentration parameters (MS features 5-7 in Figs. 13-15) with interpreted high lake levels (Smoot and Rosenbaum, this volume) , which presumably would coincide with reduced salinity. Variable Fe-oxide preservation and differences in detrital input probably contribute to low-amplitude variations in magnetic properties (MS features 1-4 in Figs. 14-16 ). For instance, higher values of MS within the upper aragonite interval in cores BL2002-3 and -4 (Figs. 15 and 14) generally coincide with slightly higher concentrations of detrital quartz (Figs. 9 and 10), whereas magnetic property variations in core BL96-1 (Fig. 16) are not accompanied by similar variations in quartz content (Fig. 6 ) and are therefore likely caused by differences in preservation of magnetic minerals.
Grain-Size Variations
The observed variation in grain size of modern sediment with water depth has little bearing on interpretation of grain-size variations in the quartz-rich lower unit because conditions during deposition of that unit were very different than at present. During that interval, the Bear River had glaciers in its headwaters and was connected to Bear Lake, the lake probably overfl owed continuously, and sedimentation was dominated by fi ne-grained clastic material. These conditions are similar to those in glacialaged sediment from Upper Klamath Lake (Oregon), where Reynolds et al. (2004) found variations in bulk sediment grain size, and interpreted fi ner grain size to refl ect higher content of very fi ne grained glacial fl our. Below 1.05 m in core BL96-3, variations in grain size probably refl ect variations in glacial-fl our content, with fi ner-grained sediments, which tend to have higher values of HIRM (Fig. 19) , containing a higher proportion of glacial fl our derived from hematite-rich Uinta Mountain Group rocks. The very fi ne grain size of less hematite-rich sediment between 1.05 and 0.6 m may also indicate a high content of glacial fl our (Rosenbaum and Heil, this volume) , but with less Uinta Mountain Group material (i.e., lower HIRM) and more dolomite than in sediments below 1.05 m.
During deposition of the carbonate-rich upper unit, conditions were much closer to those of the modern lake. Grain sizes are generally coarser than in the lower unit, and the coarsest sediment coincides with shell layers, which are interpreted to be beach or shallow-water deposits. The calcite intervals are generally fi ner grained than the aragonite intervals, suggesting deeper and shallower depositional environments, respectively. For the upper unit, the relation between grain size and water depth for the modern sediments can be used to estimate water depths in the past. Although the depth/grain-size relations differ among the surface profi les (Fig. 17) , the location and consistent bottom slope of profi le 1 (Fig. 2 ) make it the obvious choice for modeling paleodepths for cores BL2002-3 and -4. Smoot and Rosenbaum (this volume) combined this type of modeling with detailed sedimentology and paleo-shoreline data to create a lake-level curve.
SUMMARY
Study of modern fl uvial sediment and dust provides insights into the origin of variations in the allogenic component of Bear Lake sediment. Two observations that refl ect bedrock geology and help determine provenance of the lake sediment are (1) that dolomite content is high in streams draining the Bear River Range on the west side of the lake, and (2) that HIRM values are high in the glaciated headwaters of the Bear River and probably refl ect high content of hematite-rich detritus from Uinta Mountain Group rocks. Another observation that contributes to interpretation of provenance is provided by magnetic properties that measure the content of ferrimagnetic minerals (e.g., MS), which largely refl ect silt-sized magnetite and titanomagnetite grains that were delivered to the catchment as a component of dust. The concentration of these magnetic grains is about three times higher in streams within the local Bear Lake catchment than in the Bear River.
The above observations are useful in interpreting the origin of mineralogical and magnetic property variations in the siliciclastic lower unit penetrated by cores in Bear Lake because this unit contains little if any endogenic carbonate minerals and its magnetic properties are largely unaffected by post-depositional alteration. Within this unit, quasi-cyclical variations in grain size, HIRM, dolomite content, and MS generally refl ect changes in content of very fi ne grained hematite-rich Uinta Mountain Group detritus delivered to the lake by the Bear River, and of somewhat coarser fl uvial material from the local catchment that is rich in dolomite from the bedrock and in magnetite from dust on the land surface. Several factors contribute to an interpretation of the Uinta Mountain Group detritus as glacial fl our. First, extensive glaciers were present in the headwaters of the Bear River during the last glacial period. Second, Uinta Mountain Group bedrock is exposed in a small fraction of the catchment. However, Uinta Mountain Group material is abundant in last-glacial-aged till but is largely absent in modern stream sediments downstream from the last glacial limit. Glaciers would have enhanced erosion and provided a source of fi ne-grained Uinta Mountain Group detritus to the Bear River. And last, below 1.05 m in core BL96-3, the tendency of sediment with a higher content of Uinta Mountain Group material to be fi ner grained is similar to the relation observed in Upper Klamath Lake (Oregon), where very fi ne grained, fresh basaltic detritus is interpreted to be glacial fl our Rosenbaum and Reynolds, 2004) . In the upper part of the quartz-rich lower unit, the relations among grain size, HIRM, dolomite content, and MS differ from those observed below 1.4 m in core BL96-3. An increase in content of dolomitic bedrock from the local catchment without an increase in dust from the catchment surface or a change in Uinta Mountain Group material is followed by a decrease in Uinta Mountain Group detritus. Although the decrease in Uinta Mountain Group material was previously interpreted to refl ect glacial retreat in the Uinta Mountains , the combined proxies may be more consistent with growth of Uinta glaciers beyond exposures of Uinta Mountain Group rocks and growth of glaciers in the Bear River Range (Rosenbaum and Heil, this volume) .
Mineral and elemental concentrations and magnetic properties are less useful for determining provenance of detrital material in the upper unit because of the effects of dilution by large amounts of endogenic carbonate minerals and of post-depositional destruction of detrital Fe-oxide minerals. Nevertheless, relatively low values of Dolo:Qtz in the calcite-rich intervals indicate that Bear River delivered sediment to the lake during deposition of these intervals. Within this unit, variations in grain size of siliciclastic material largely refl ect changes in water depth.
